Introduction
The International Agency for Research on Cancer concluded that all forms of asbestos, including chrysotile, are causally associated with an increased risk of cancer of the lungs, larynx, and ovary, and mesothelioma and asbestosis [1] . In 2006, the World Health Organization (WHO) campaigned for the elimination of asbestosrelated diseases (ARDs) and recommended that the most efficient way to eliminate ARDs is to cease using all types of asbestos [2] . Recently, the WHO reported that there are about 125 million people in the world exposed to asbestos at the workplace, and at least 107,000 people die each year from asbestos-related lung cancer, mesothelioma, and asbestosis due to occupational exposures [3] . In its 2014 update, the WHO reiterated the call for global campaigns to eliminate ARDs. However, despite the international clamor to eliminate ARD cases coupled with abundant scientific evidence on the carcinogenicity of asbestos, the production and use of asbestos at the global scale did not decrease but rather increased slightly to 2.02 million Mg in 2013 from 2.01 million Mg in 2012. Russia was the leading producer of asbestos, followed by China, Brazil, and Kazakhstan, comprising 99% of the world asbestos production. However, China ranks first in terms of industrial utilization of asbestos. In general, Southeast Asian countries continued to lead in the manufacture of asbestos products and accounted for about 69% of global asbestos use in 2012 [4] . Aside from China, the Republic of Korea was also one of the largest asbestos-utilizing countries in Asia. According to the data on mineral supply of the Korea Institute of Geoscience and Mineral Resources, the domestic asbestos production in the Republic of Korea was about 7 tons in 1933 and continuously increased to 15,933 tons in 1982 [5] . This was followed by a rapid decline of asbestos production after 1984 which resulted in the importation of asbestos for industrial use. In fact, the demand for asbestos for industrial utilization in the Republic of Korea is entirely dependent on imports from other countries. The amount of asbestos imported from other countries was about 38,028 tons in 1971 and increased to as high as 95,000 tons in 1992, but gradually declined until 2005. Since 2009, there is a total ban on the use of all kinds of asbestos as a government precautionary intervention of ARD outbreaks such as the "Kubota shock" that happened in Japan [6] .
The total ban of using all types of asbestos as a national policy can be an effective intervention to reduce ARDs [7] . However, studies have shown that the occurrence of ARDs do not only result from direct and immediate exposure to asbestos but also are largely determined by the historical exposure to asbestos of the patients affected with ARDs [1, 8] . It should be emphasized that under the Korean scenario, historical exposure to asbestos is an important factor for ARD occurrence because these materials have been used in building construction until the 2000s [9] . In order to effectively prevent and predict occupational cancers with a long latency such as ARDs, it is very important to create a general population based job-exposure matrix (GPJEM) using historical exposure databases that are in accordance to the current standardized industrial and occupational code. However, to the best of our knowledge, there is no Korean asbestos GPJEM built on standardized industrial and occupational codes. The purpose of this study is to construct a GPJEM for asbestos using quantitative occupational exposure data available in the Republic of Korea. The results of this study can be used to make a surveillance system supporting the prevention of ARDs.
Materials and methods

Quantitative occupational exposure data collection
Three Korean domestic quantitative datasets on the occupational exposure to airborne asbestos were used to build the GPJEM. The first data source was domestic peer-reviewed literatures on asbestos. For asbestos-related literatures, the search terms "asbestos," "chrysotile," "amosite," "actinolite," "tremolite," "crocidolite," "asbestosis," "lung cancer," and "mesothelioma" were used singly or in combination in the Research Information Sharing Service (http://www.riss.kr) operated by the Korea Education and Research Information Service. Among the literature searched, only occupational exposure data were used for GPJEM. The second dataset was workplace monitoring data analyzed from 1995 to 2006 at the Industrial Hygiene Laboratory of the Graduate School of Public Health, Seoul National University (GSPH-SNU), Seoul, Republic of Korea. The laboratory has been analyzing mostly airborne asbestos samples collected by the Work Environment Monitoring Agency under Article 42 of the Industrial Safety and Health Act, Republic of Korea. The last source was the work environment monitoring data of asbestos reported to the Korea Occupational Safety and Health Agency (KOSHA) from 2005 to 2008.
Classification of industries and occupations
Exposure groups in collected data were reclassified based on standardized industrial and occupational codes currently implemented in the Republic of Korea. For industrial codes, the 9 th edi- 
Data analysis
Arithmetic mean (AM) was used as a representative value for the analysis of the measurements which is considered as the best summary measure of exposure for epidemiologic studies of chronic diseases [10] . Since not all the data obtained for the study have AM, data transformation was conducted. If the asbestos concentrations were reported using the geometric mean and geometric standard deviation in literature, a lognormal distribution was assumed and an AM was estimated using the following formula (1) [11] :
In cases where asbestos concentration was reported with a range of minimumemaximum, the AM was estimated by assuming a lognormal distribution according to the following method: first, the midpoint of the log transformed minimum and maximum levels provided an estimate of the mean of the log transformed levels (b m L ); second, the range of the log transformed levels divided by four provided an estimate of the standard deviation of the log transformed levels (b s L ); and finally, AM was calculated using the following formula (2):
When the data collected is based on different numbers (N) of observations, the weighted average was calculated by computing the weight of each group that is proportional to the inverse of the variance of the mean [12] . Because we did not have variance estimates, weighted arithmetic means (WAMs) were calculated using the following formula (3).
Finally, all of the exposure data were reclassified as a similar exposure group according to measurement years, industries, and occupations. As there was no information on measurement years, we regarded publication years of cited literature as measurement years.
Results
The exposure data of asbestos used in this study were summarized in Table 1 . A total of 112 exposure groups could be classified using 5,627 quantitative exposure data from 1984 to 2008. Each exposure group has similar exposure characteristics including exposure duration, industry, and occupation. The WAM concentrations of the 112 exposure groups ranged from 0.0002 fibers/mL (f/mL) to 7.5 f/mL. The detailed results of GPJEM according to three data sources from literature, and the GSPH-SNU and KOSHA databases were listed in a descending order of WAM concentrations in Tables 2e4, respectively. Specifically, the GPJEM based on literature from 1984 to 1996 consisted of 11 exposure groups belonging to nine types of industries and nine types of occupations ( Table 2 ). Most of the industries involved in this dataset belonged to exposure groups from primary asbestos industries. These are industries that dealt with manufacturing asbestos-containing products such as asbestos textile, slate, and auto-vehicle brake lining, which involve directly handling raw asbestos. Most of the exposure groups (EG01eEG10) had higher WAM concentrations than the Korean occupational exposure limit (OEL) of 0.1 f/mL. The workers involved in knitting and weaving machine operations (KSCO code: 8221) in the industry manufacturing asbestos, mineral wools, and other similar products (KSIC code: 23994) showed the highest WAM concentration of 7.48 f/mL from 1984 to 1989, which was two times higher than the WAM level of 2.55 f/mL, from the same category during the period of 1991 to 1996 (Table 2 ). All other exposure groups had WAM values between 0.02 f/mL and 1.54 f/mL asbestos levels. Table 3 shows the 43 exposure groups (EG12eEG54) constructed based on the GSPH-SNU database from 1995 to 2006. Among these 43 exposure groups, seven groups (EG12-EG18) had higher WAM concentrations than the Korean OEL (0.1 f/mL) and an additional 22 groups (EG19eEG40) had higher WAM concentrations than the Korean indoor air quality guideline (0.01 f/mL). The highest exposure to asbestos on this database occurred among workers under the plastic products production machine operators (KSCO code: 83239) working at industry "manufacturing foamed plastic products" (KSIC code: 22250) with a WAM concentration of 5.12 f/mL from 1996 to 1997. The maximum concentration was reported as 26.7 f/mL from workers under the automobile parts assemblers (KSCO code: 85429) working at the industry "manufacturing parts and accessories for motor vehicles and engines" (KSIC code: 303). The type of samples belonging to this category was not indicated. Table 4 lists the characteristics of 58 exposure groups (EG55e EG112) based on the KOSHA database. The exposure levels of 27 groups (EG55eEG81) were over the Korean OEL and the next 12 groups (EG82eEG93) showed a higher level than the Korean indoor air quality guideline. The highest exposure level was 8.42 f/mL recorded from personal exposure of workers working as operators of detergent production machines (KSCO code: 83213) handling talc containing anthophyllite. These workers belonged to the industry "manufacturing surface-active agents" (KSIC code: 20431).
Discussion
In this study, we focused on the construction of a GPJEM using the standardized code of the industry and occupations because the characteristics and trends of occupational asbestos exposure in the Republic of Korea were previously reported by Park et al [5] in 2008.
Many GPJEMs on asbestos have been developed for epidemiological studies, like the Finnish JEM [20] , the Dutch JEM [21] , and Australian JEM [22] . In constructing GPJEM at a national level, it is essential to use reliable quantitative exposure data measured within the country. We constructed 112 exposure groups with 86 industries and 74 occupations from three kinds of domestic exposure databases. The reclassification and data transformation of the different exposure group databases enable us to make direct comparison of the different exposure values which could not be possible using the raw data. However, the GPJEM constructed in this study should be used with careful consideration based on the characteristics of each database used as follows.
The GPJEM for the first period suggests that exposure evaluations mostly covered the asbestos exposure from slate manufacturing, asbestos textile and brake lining manufacturing, and motor vehicle maintenance industries that directly handled asbestos to manufacture a product. Also included are the asbestos exposures of workers from the ship demolition industry which has the potential of high-concentration exposure to asbestos. Looking at the history of asbestos production and consumption in the Republic of Korea and the bulk of published literature available, it could be noted that there is very limited literatures containing information about the primary asbestos industry during the period prior to 1996. Considering that the Republic of Korea has a long history of slate manufacturing with asbestos (the asbestos textile industry has more than 20 years of history since 1969, and the brake lining manufacturing industry started from the mid-1970s), it appeared that there is a shortage of published literature compared with the extensiveness of the asbestos industry during this period. This could be attributed to the fact that the exposure status for asbestos in workplaces in the Republic of Korea was first surveyed in 1984 in asbestos slate manufacturing workplaces, brake lining workplaces, and asbestos textile industries by the National Institute of Labor Science (NILS) under the Ministry of Labor [13] . It should also be noted that the methods used for monitoring and analysis during this early period were different from the current methodology used by the National Institute for Occupational Safety and Health 7400 standard methods [23] . In contrast, the methodology employed by GSPH-SNU and the NILS for the joint survey of asbestos slate manufacturing workplaces and asbestos textile industry from 1987 conformed with the present standard methods. After the joint investigation conducted by GSPH-SNU and NILS, social interests in asbestos have increased and the risks of asbestos became widely acknowledged, prompting work environment monitoring and management of asbestos-using workplaces to take place.
In the case of the GSPH-SNU database, reliability of data could be ensured as they were analyzed at an officially designated analytical institution by the Ministry of Labor. The laboratory is also quality controlled under the National Institute for Occupational Safety and Health Proficiency Analytical Testing programda globallyrecognized accreditation program. The fact that data were analyzed in a single institution also makes it unlikely to have between-institution errors. Finally, most of the asbestos samples collected by industrial hygiene laboratories in the Republic of Korea were sent for analysis to GSPH-SNU from 1995 to 2006, so that the GSPH-SNU database provides the broadest spectrum data currently available. However, it has the weakness of having limited workplace parameter information. Since many institutions requesting for analysis had provided only basic information such as sampling time and flowrate, exposure groups in the GSPH-SNU database do not carry information on sample types. Therefore, 2,124 out of 3,642 originally collected data points were used in this study, as they could be linked to established industry and occupation codes. However, it was not possible to describe characteristics of jobs or sampling circumstances for 43 exposure groups from this database ( Table 3) . From the work environment monitoring data reported to KOSHA, 2,862 monitoring data points were analyzed to build the GPJEM which is presented in Table 4 . Since 2002, all of work environment monitoring data measured by industrial hygiene laboratories were mandatorily reported to the KOSHA. Although the KOSHA data were collected for 3 years only, it has the most diverse exposure groups belonging to 58 types of industry. Among them, 38% of exposure groups (22 of 58) were related to handling talc containing asbestos and these groups also include the highest WAM concentration of 2.45 f/mL, belonging to the exposure value from the manufacturing of surface-active agents (KSIC code: 20431). Exposure to talc has been suggested as a causative factor in the development of ovarian carcinomas and mesothelioma [24e26]. In 2009, there was a big issue about talc powder for babies contaminated with asbestos, presumably from the manufacturing process in the Republic of Korea [27] . According to the Korea Food and Drug Administration survey, 1,122 drugs and medical goods have been confirmed to contain talc contaminated with asbestos.
All of data used in this study were directly related to work characteristics such as handling material, operation of machine, and process and we did not consider other sources of asbestos that may contribute to the magnitude of exposure. For instance, if workers have worked in buildings under old roofs constructed from asbestos slate materials, they can also be exposed to airborne asbestos fibers released from slate and this could change the scenario and magnitude of asbestos exposure. This and other possible environmental sources of asbestos that may affect asbestos exposure should be considered. Future studies with environmental exposure data will be needed to estimate the additional effects of environmental exposure.
Regarding the number of samples, the number of analyzed samples was not evenly distributed across industries. For the GSPH-SNU database, 51.3% of data (1,089 of 2,124) were collected from automobile parts assemblers (KSCO code: 85429) working at industries manufacturing parts and accessories for motor vehicles and engines (KSIC code: 303). In terms of the KOSHA database, 67.3% of data (1,926 of 2,862) were measured among elementary workers in construction (KSIC code: 91001) that are involved with dismantling asbestos of buildings. Furthermore, some exposure groups had no information on the number of samples (EG04 and EG11) or had only one sample (EG31, EG52, and EG80) that resulted in under-representation on the constructed GPJEM for asbestos in the Republic of Korea.
The GPJEM constructed in this study provides quantified estimates of asbestos exposure levels for 112 Korean exposure groups classified under 86 industries and 74 occupations from 1984 to 2008. Despite several limitations, this GPJEM could be very useful in the evaluation of the contribution of asbestos exposure on the prediction of ARD occurrence as influenced by the patients' historical exposure. The strength of the constructed GPJEM relied more on the fact that database sources were based on domestic quantitative exposure data covering the major industries in the Republic of Korea.
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